I. INTRODUCTION
As wireless systems become more multi-functional, there will be an increased demand for reconfigurable filters that can be utilized for front-end pre-selection for next generation wireless systems [1] . There has been a lot of research on widerange center-frequency tuning of bandpass filters, and they have been realized in different technologies, some of which are MEMS [2] , ferroelectric thin films [3] and piezoelectrically tuned evanescent-mode cavity filters [4] . The next challenge is the design of high Q widely tunable filters that can sustain narrow-bandwidths with low insertion loss over large tuning ranges.
The bandwidth variation of a tunable filter over wide-tuning ranges can be quite significant, and varies as at least a linear function of the center frequency i.e. fractional bandwidth is constant or increases over the tuning range [5] . Means to control this bandwidth variation for planar tunable filters have been designed by using tunable components like varactor diodes [6] or MEMS components [7] as the inter-resonator coupling mechanism. Such approaches, however limit the Q of the filter, and for high Q filters could significantly degrade the performance of the filter. For high Q narrow-band filters this would mean a significant increase in loss by the addition of a low Q tunable component as the inter-resonator coupling. In order to overcome this, the authors present a new technique for achieving tunable bandwidth using low Q varactors as part of the inter-resonator coupling mechanism without degrading the overall Q of the filter. This is achieved by using a low Q varactor based bandwidth control network in parallel with a high Q inter-resonator coupling mechanism. For narrowband filters, only a small amount of change in coupling between the resonators is required to substantially change the bandwidth and therefore, the low Q varactors do not have to be the dominant inter-resonator coupling mechanism. The amount of energy coupled into the varactors from the resonators is controlled by using transformers, and decides the range of tuning available for the low Q varactors. The concept is illustrated for the case of widely tunable high Q evanescent-mode cavity filters fabricated in low-loss Rogers TMM3 substrate, having less than 1.5 dB insertion loss for bandwidths of 25-45 MHz in the range of 1.2-1.6 GHz respectively. Commercially available low Q varactors (Q < 30) are utilized to demonstrate controllable bandwidth of up to 33% for these filters, while maintaining at least 71.4% of the original Q. A constant 25 MHz (± 0.2 MHz) 3-dB bandwidth widely-tunable filter from about 0.89 GHz to 1.47 GHz with less than 3 dB loss is also demonstrated to verify the potential of this design technique.
II. FILTER DESIGN
The filter schematic for achieving controllable bandwidth is shown in Fig. 1 , and consists of two high Q tunable resonators modeled as equivalent lumped components, a tunable capacitor C res and inductance L res at the center frequency ( o ω ) of the filter. The impedance Z coupling denotes the high Q inter-resonator coupling between the two resonators, and sets the initial 
For a large value of N 2 , and for a narrow band filter such (1) and (2) can be simplified to give (4) and (5). 
The relative change in bandwidth due to the addition of the varactor can be written as the ratio of the change in odd mode due to C var to the original separation of the odd and even modes obtained using (3), (4) , and (5) as
Where _ coupling coupling cap res
are the coupling coefficients, and are proportional to the filter fractional bandwidth for narrow-band filters [8] .The bandwidth will therefore increase for capacitive coupling on increasing the varactor capacitance, while it will decrease for inductive coupling. The minimum desired relative bandwidth control denoted by min Δ decides the minimum value of the varactor capacitance, obtained using (6) or (7) 
This maximum value of the varactor capacitance is decided by the desired Q new = x Q old , where 0< x <1, obtained using 
In order for the design to be feasible, C var (max) has to be greater than C var (min) which places a limit on the largest coupling coefficient given by
The lower the coupling coefficient beyond (14), the more will be the bandwidth control beyond Δ min , defined by (6) or (7) while maintaining the desired Q new . The number of turns N 2 are chosen so that C var (max) can be practically realized using commercially available low Q varactors. This can be illustrated for a high Q (Q old = 500) filter at 1.5 GHz with C res = 20 pF. For achieving Δ min = 0.35, and x = 0.75 i.e 35% bandwidth change and maintaining 75% of the Q old , and for Q var less than 20, the maximum coupling coefficient of the filter can be obtained using (14) to be 1.9%. Choosing N 2 = 3 for this design gives a value of 2.4 pF for var C (max) calculated using (13). For k coupling = 1.9%, and C res =20 pF, the rest of the filter elements can be obtained using [8] for the case of inductive inter-resonator coupling as L coupling = 29.7 nH and L res = 0.57 nH. The filter response obtained using Agilent ADS is shown in Fig. 4 , indicating a bandwidth of 41 MHz with insertion loss of 1 dB. The addition of the C var with a maximum value of 2.4 pF with Q var =20, can change the bandwidth up to 27 MHz, with the new insertion loss being 1.7 dB. The bandwidth change is 34% and the new Q is more than 400, which is 80% of the original Q of 500, closely matching the theoretical prediction of 35% bandwidth change while maintaining at least 75% of the original Q.
III. FILTER IMPLEMENTATION
This design technique is applied to widely-tunable high Q evanescent-mode cavity filters. The layout of the filter is shown in Fig 3. The filter is designed using Ansoft HFSS in 3mm thick Rogers TMM substrate with a dielectric constant of 3.2 and a loss tangent of 0.002. Through vias form the resonator walls and the coupling iris connecting the two resonators. The capacitive posts are on the top side of the filter as shown in Fig. 3(a) . The filter is designed to go lower than 1 GHz at 10 µm gap, and hence the post radius of 3.5mm is chosen, which corresponds to a resonator capacitance C res of about 25 pF. The bandwidth compensation network is on the backside as shown in Fig. 3(b) , and consists of two varactors connected by transmission lines. The slots in the bandwidth control network model act as transformers (N 2 turns) which connect the two resonators through the bandwidth control network. Commercially available BB857 varactors from Infineon technologies were used for the bandwidth tuning, having capacitance variation of 0.5 pF to 6.5 pF at 1 MHz on changing the reverse bias V R from 28V to 1V. The datasheet also specifies a series resistance of 1.5 Ω at the frequency of 470 MHz for V R = 5V (C var ~ 2.5pF), which corresponds to a Q var of about 60 at this frequency. Assuming a constant series resistance on going higher in frequency, the Q var will reduce proportional to the frequency and will be about 30 and 20 at 1 GHz and 1.5 GHz respectively for a capacitance of 2.5 pF. In order to use this bandwidth control to achieve reduced band- width variation over a large tuning range, the external coupling also has to be compensated. The external Q for a bandpass filter can be estimated using the following equation [8] 
A reduced bandwidth variation over the tuning range would therefore mean a higher Q ext . This is achieved by narrowing the input feed-line to increase the impedance at the slot as shown in Fig. 3(b) . The length of the line is chosen so that the impedance seen by the slot at the higher end of the tuning range is much larger than at the lower end. The tunable filter was fabricated and the measured results are shown in Fig. 5 . The filter is tuned using 0.38 mm thick piezoelectric actuators from Piezo Systems Inc, which can deflect up to 40 microns. The bandwidth is continuously changed about 33% from 34 MHz to 22 MHz at 1.23 GHz, 40 MHz to 27 MHz at 1.44 GHz, and 45 MHz to 30 MHz at 1.6 GHz by varying the varactor negative bias between 2.7 V and 25 V. The new Q at the narrower bandwidth where the varactor capacitance is much larger is between 71.4% and 78.5% of the Q at the broader bandwidth, estimated using ADS.
This level of bandwidth control is sufficient to achieve constant absolute bandwidth over large tuning ranges. The measured results are shown in Fig 6 for a filter tuned from 0.89 GHz to 1.47 GHz. The estimated deflection of the copper membrane required for this tuning based on simulations is about 25 micron. The negative bias on the varactor is varied from 25V at 0.89 GHz to 2.9V at 1.47 GHz over this tuning range. As can be seen from Fig. 7 , the bandwidth of the filter is almost constant at around 25 MHz with a variation of only ± 0.2 MHz over the entire tuning range. The insertion loss is less than 3 dB over the entire tuning range, indicating a high Q (Q > 250) for the filter while employing bandwidth control using low Q (Q < 30) varactors.
IV. CONCLUSION
A new concept for achieving tunable bandwidth for high Q narrow-band filters is presented which can utilize commercially available low Q varactors with minimal reduction in the overall Q of the filter. Detailed theoretical analysis is presented to explain the concept, and an example of high Q evanescent-mode cavity filters is used to demonstrate the practical usefulness of this design technique. An absolute constant bandwidth filter is also presented with a 3-dB bandwidth of 25 MHz, and insertion loss less than 3 dB across the tuning range from 0.89 GHz to 1.47 GHz.
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